ABSTRACT purpose. To measure anatomic variations of the lumbar plexus within the psoas in relation to the L2/3, L3/4, and L4/5 disc spaces and to delineate a safe zone to avoid nerve injury during retractor placement via the transpsoas approach. Methods. Six male and 6 female cadavers (24 psoas/ lumbar plexuses) aged 35 to 74 years were dissected. The lumbar plexus was isolated bilaterally. The L2, L3, and L4 nerve roots were identified and isolated without disturbing their natural anatomic course. The anteroposterior (AP) diameter of each intervertebral disc at L2/3, L3/4, and L4/5 was used as a reference. Four measurements were made using a caliper: the AP and mediolateral (ML) diameters of the psoas and AP and ML excursions of each nerve root. Percentages were calculated for the 4 measurements using the reference of the AP diameter of the intervertebral disc at each level. Comparison between left and right sides, between males and females, and between excursions of nerve roots were made.
necessarily superior to open surgery. Complications of open ALIF include vascular injury, retrograde ejaculation, and ureteral injuries. 2, 3 The laparoscopic transperitoneal approach for ALIF has significantly higher complication rates than open ALIF. 4 However, in 18 ALIFs via a lateral endoscopic retroperitoneal approach, 5 no instances of retrograde ejaculation, injury to the great vessels, or implant migration were reported. Although there may be traction injury to the roots of the lumbar plexus causing postoperative pain and hip flexor weakness when the psoas was fully dissected and retracted posterolaterally. A direct transpsoas approach 6, 7 has recently been used together with continuous neuromonitoring. Despite this precaution, 30% of the patients developed thigh and groin paraesthesias, 6 which were likely caused by direct injury or traction neuropraxia to the lumbar plexus or genitofemoral nerve. Thus, we measured anatomic variations of the lumbar plexus within the psoas in relation to the L2/3, L3/4, and L4/5 discs, and delineated a safe zone to avoid nerve injury during retractor placement via the transpsoas approach.
Materials and Methods
Six male and 6 female cadavers (with 24 psoas/ lumbar plexuses) aged 35 to 74 (mean, 53; standard deviation, 12) years with intact and undisturbed anatomy were dissected. The lumbar plexus was isolated bilaterally. The L2, L3, and L4 nerve roots were identified and isolated without disturbing their natural anatomic course (Fig. 1) . The anterior part of the vertebral bodies was cleaned of all soft tissues. Respective foramen and posterior border of each vertebral body were set as landmarks.
The anteroposterior (AP) diameter of the intervertebral disc at L2/3, L3/4, and L4/5 was used as a reference. It was measured from the anterior border of the neural foramen to the anterior border of the vertebral body. This is the most reproducible reference that can be visualised under fluoroscopic view of the lateral lumbar spine via the lateral transpsoas approach.
Four measurements were made using a caliper ( Fig. 2): (1) the AP diameter of the psoas, which is the distance from the posterior margin of the vertebral body (anterior border of the neural foramen) to the anterior margin of the psoas, (2) the mediolateral (ML) diameter of the psoas, which is the width of the psoas from the lateral vertebral body to its lateral edge at the level of each intervertebral level, (3) the AP excursion of each of the L2, L3, L4 nerve roots from the anterior border of the neural foramen (the posterior aspect of the disc) to its most anterior location, and (4) the ML excursion of each of the L2, L3, L4 nerve roots from the lateral aspect of vertebral body to its most lateral extent.
Percentages were calculated for the 4 measurements using the reference of the AP diameter of the vertebral body at each level. Mann-Whitney U test was used for comparison of 2 means. Because of the highly skewed distributions with outliers, non-parametric one-way ANOVA (Kruskal-Wallis test) was used to compare differences between ≥3 means when analysing differences in left and right sides, between excursions of nerve roots, between intervertebral levels, and between males and females.
results
The mean AP diameter of the vertebral body was significantly larger in males than in females at every level (p<0.001, Table] . No L2 nerve root encroached anteriorly beyond 32% of the L2/3 intervertebral disc space.
For the L3 nerve root, the left and right sides did not differ significantly in terms of the 4 measurements (p=0.89-1.0). The anterior course in relation to the anterior foramen did not change significantly from L2/3 to L3/4 (p=0.11). Anterior encroachment of the L3 nerve root was significantly greater in females than males at L3/4 (5.0±0.28% vs. 4.3±0.61, p<0.001) and at L4/5 (8.3±4.6% vs. 7.7±8.84%, p=0.008) [ Table] . In one male specimen, the L3 nerve root excursed anteriorly to 16.7% (in the right side) and 33.3% (in the left side) of the L3/4 intervertebral disc space. No L3 nerve root encroached anteriorly beyond 33% of the L3/4 intervertebral disc space.
For the L4 nerve root, the left and right sides did not differ significantly in terms of the 4 measurements (p=0.75). Anterior encroachment of the L4 nerve root was significantly greater in females than males (5.5±1.4% vs. 3.5±1.7%, p=0.001). No L4 nerve root encroached anteriorly beyond 9% of the L4/5 intervertebral disc space.
discussion
The lateral transpsoas approach is increasingly used for treatment of lumbar spine disorders including 6, 8, 9 It involves a retroperitoneal dissection through the psoas to the disc space. 6 Realtime neuromonitoring is usually used to minimise injury to the nerve roots within the psoas. Despite this, iatrogenic nerve injuries resulting in groin and thigh paraesthesias have been reported. 6 Few studies report the anatomy of the lumbar plexus in the context of the transpsoas approach. [10] [11] [12] In the current study, no nerve roots encroached anteriorly beyond 33% of the intervertebral disc space at all measured levels. Most lumbar nerve roots were within the posterior half of the disc space. Therefore, the lumbar plexus should not be directly accessed via the lateral transpsoas approach. Some variation in the anterior trajectory of the L2 nerve root was found as it travelled caudally. In one male specimen, anomalies in the L3 nerve root existed, which may be responsible for unexpected postoperative nerve root symptomatology. Neuromonitoring during muscle dissection and retractor placement is therefore recommended.
For ALIF via the direct lateral approach, postoperative illiopsoas weakness and anterior thigh radiculopathy 6 and residual L4 nerve root damage 13 have been reported. Anatomically, these complications are likely to be due to psoas haematomas or nerve root compression from the retractor blade distraction (after retractor placement), rather than direct nerve injury from the initial deployment of trochars and dilators. In some specimens of the current study, the nerve roots extended as far as the middle of the disc space. For a complete discectomy and fusion with lateral cage placement, the retractors need to be opened to the posterior third of the disc space. This may compress some intramuscular nerve roots and lead to neuropraxia. In the lateral transpsoas approach, after passing through the fascia and accessing the retroperitoneal space, the peritoneum is gently swept anteriorly, and the dissection is carried down bluntly until the psoas is identified. The standard radiolucent retractor system blade or a tubular retractor system can be inserted and docked on the lateral border of the psoas directly over the anterior half of the intervertebral disc space to be treated. The muscle fibres are separated gently with blunt dissection through the psoas. The lumbar plexus courses through the psoas, so dissection must progress carefully until the intervertebral disc is reached. Subsequent dilators are inserted to expand the surgical corridor to the intervertebral disc. Retractors are then placed to expand the working channel. Continuous electromyographic monitoring (with electrodes placed directly on the dilators and retractor) is recommended to prevent direct nerve injury.
In the current study, tissue pressure from retractor blades was not measured to assess for indirect compressive injuries. Nonetheless, stimulusevoked electromyography should be used to monitor the proximity of the dilator instruments to the lumbosacral plexus. A threshold value of >10 mA is safe for instrument advancement through the psoas. 10 In addition, biplanar fluoroscopy can be used to ensure there is no posterior migration of the retractor system. The direct lateral approach has been well established for placement of interbody bone grafts and cages, 9 and removal of failed anterior arthroplasty devices 14, 15 that warrant retraction to the most posterior aspect of the disc space. In the current study, no L2, L3 or L4 nerve roots encroached anteriorly beyond 33% of the intervertebral disc space. Thus, during the lateral transpsoas approach, the lumbar plexus area corresponding to the anterior half of the intervertebral disc was the safe zone (Fig.  3) . Retraction or dissection posterior to this safe zone may carry an increased risk of iatrogenic lumbar plexus injury.
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